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CDK6–CDKN2A complexCoevolution between proteins is crucial for understanding protein–protein interaction. Simulta-
neous changes allow a protein complex to maintain its overall structural–functional integrity. In
this study, we combined statistical coupling analysis (SCA) and molecular dynamics simulations
on the CDK6–CDKN2A protein complex to evaluate coevolution between proteins. We reconstructed
an inter-protein residue coevolution network, consisting of 37 residues and 37 interactions. It
shows that most of the coevolved residue pairs are spatially proximal. When the mutations hap-
pened, the stable local structures were broken up and thus the protein interaction was decreased
or inhibited, with a following increased risk of melanoma. The identiﬁcation of inter-protein coe-
volved residues in the CDK6–CDKN2A complex can be helpful for designing protein engineering
experiments.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cyclin-dependent kinase inhibitor 2A (CDKN2A) acts as a nega-
tive regulator of the proliferation of normal cells by interacting
strongly with Cyclin-dependent kinases, such as CDK6, inhibiting
their ability to interact with cyclins D and to phosphorylate the ret-
inoblastoma protein [1]. Candidate-gene studies and genome-wide
association studies (GWAS’) for melanoma and the melanoma-
associated phenotypes have identiﬁed many variants in CDKN2A
associated with melanoma risk in the general population [2–4].
According to reports to date, mutations in CDKN2A account for
approximately 40% of familial melanoma cases [5]. High cancer
susceptibility determines that amino acid substitutions in CDKN2A
may be restricted. However, surprisingly, the protein sequence of
CDKN2A is not evolutionarily conserved. For example, the se-
quence identity of human CDKN2A protein with its mouse ortholog
is 69.23%.Previous studies reported that protein–protein interactions
effectively mediate molecular function and they are the result of
speciﬁc interactions between protein interfaces [6,7]. In general,
functional constraints restrict amino acid substitutions in protein
sequences. The results can be detected in multiple sequence align-
ments as evolutionary ﬁngerprints. For example, correlated muta-
tions (or coevolution in another word) of the residues at two
distinct alignment positions, is a result of functional constraints
that force compensating mutations for speciﬁc residue changes
[8]. With the increasing number of genomes and meta-genomes
sequenced, the correlated mutation analyses on intra-protein ami-
no acids have been extensively performed [8–10]. However, stud-
ies on inter-protein coevolution are lacking. Referring to
CDKN2A, communications between inter-protein amino acids at
the binding interface of CDK6–CDKN2A complex may deﬁne its
biological role, such as inhibitor speciﬁcity and allosteric regula-
tion. Besides, CDKN2A and CDK6 are particularly suitable for corre-
lated mutation analysis because the large sets of sequences are
available and the crystal structure of the protein complex has been
resolved [11].
In this study, we perform an accurate detection of functionally
coevolved residue network of CDK6–CDKN2A complex using phy-
logenetic information and molecular dynamic simulations. First,
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proteins and then concatenated them according to species. Then,
the concatenated sequences were aligned and submitted to statis-
tical coupling analysis (SCA) [12] for detecting the inter-protein
coevolved residues. At last, we estimated the effects of mutations
on CDKN2A using molecular dynamics simulations. We also dis-
cussed the applications of our results.
2. Materials and methods
2.1. Data source and multiple sequence alignment
The sequences of both CDK6 and CDKN2A were collected from
the non-redundant database of protein sequences by NCBI BLASTP
2.2.25 (with default settings except E-value = 0.01). The collected
sequences were aligned using the multiple sequence alignment
program, MUSCLE [13], which processed all sequences at the same
time to prevent inconsistencies.
2.2. Correlated mutation analysis
The static energy for each site and statistical coupling energy
between any two sites were calculated by using the statistical cou-
pling analysis (SCA) method [12].
To perform SCA, we manually adjusted the aligned sequences
described above to improve alignment in less conserved positions.
The conservation criterion DGstat for the multiple sequence align-
ment (MSA) is deﬁned as follows:
DGstati ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
x
ln
Pxi
PxMSA
 2vuut ð1Þ
where Pxi is the binomial probability of ﬁnding a given residue x in
the i position in the MSA and PxMSA is the binomial probability of
ﬁnding the residue x in the MSA. Following the improvements of
the method [14], we computed the frequencies of ﬁnding each res-
idue in the MSA directly from the alignment of CDK6 and CDKN2A.
A minimal size in the data set for perturbation experiments was se-
lected to guarantee the statistical equilibrium. For this purpose, we
computed averages of DGstat values for the ten less conserved posi-Fig. 1. Reconstruction of coevolution network of inter-protein residues of CDKN2A–CDK
red) while the links between them are the coevolution relationships.tions and stepwise reduced the working data set by randomly
excluding the sequences. Analysis of the average of DGstat for the
least conserved positions versus data set size deﬁned a minimal size
for the subset for DDGstat calculations to be about half of the total
alignment size (80 sequences). Perturbations were performed in
every sequence position that ﬁtted the latter criterion for the subset
deﬁnition. The DDGstat was computed as follows:
DDGstatij ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
x
ln
Pxijdj
PxMSAjdj
 ln P
x
i
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where Pxijdj is the binomial probability of ﬁnding residue x in the i po-
sition in the subset of the alignment chosenby theperturbation in the
j position. The ﬁnal matrix containing all the performed perturba-
tionswas submitted to iterative cycles of cluster analysis inMATLAB.
After each cycle, positions withweak signals were discarded. Finally,
the alignment of 159 sequences including 427 sites was available for
analysis. The SCAcorrelationmatrixbetweenaminoacidswas turned
into Z-scores (also called Standard scores). If a Z-score was above a
ﬁxed threshold (cutoff = 4), two corresponding sites were linked by
an edge, and each site was represented as a node.
2.3. Molecular dynamic simulations
The crystal structure of CDK6–CDKN2A complex was retrieved
from Protein Data Bank (http://www.rcsb.org/pdb/) with the
accession (PDB ID: 1BI7) [11]. The structure was then solvated in
a TIP3P water box [15] and ionized by NaCl (0.152 M) to mimic
physiological conditions. Mutant models of CDK6–CDKN2A com-
plex were made using MODELER program [16].
All simulations were performed using NAMD 2.8 [17] and the
CHARMM31 force ﬁeld with CMAP correction [18,19]. The ionized
systems were minimized for 50,000 integration steps and con-
strained equilibrated for 10 ns with 2 fs time stepping and frames
stored each picosecond. Constant temperature (T = 310 K) was en-
forced using Langevin dynamics with a damping time constant of 5
per picosecond. Constant pressure (p = 1 atm) was enforced
through the Nosé-Hoover Langevin piston method with a decay
period of 100 fs and a damping time constant of 50 fs. Van der
Waals interaction cutoff distances were set at 12 Å (smooth6 complex. The nodes represent residues in proteins (CDKN2A in green and CDK6 in
138 J. Wang et al. / FEBS Letters 587 (2013) 136–141switching function beginning at 10 Å) and long-range electrostatic
forces were computed using the particle-mesh Ewald (PME) with a
grid size of less than 1.0 Å.
2.4. Screening tetrapeptide library
We built up a peptide library of all possible tetrapeptides
(204 = 160 thousand) using Open Babel toolbox [20]. Then, we per-
formed screening peptide library against CDK6 using LibDock [21].
In the molecular docking process, we set the residues in CDK6 coe-
volved with H83 in CDKN2A on the protein complex as an interac-
tion site (containing V76, H100, Q103, T106 and L109) with default
parameters in LibDock.
2.5. Statistical analysis
Two-sample t-test was performed to compare the coevolution
relationships of inter- and intra-protein residues and to estimate
the effects of mutations in CDK6–CDKN2A.
3. Results
3.1. Residue correlation analysis and coevolved residue networks
In order to ensure that sequences of alignment were represen-
tative and diverse, we collected the homologue sequences by using
human CDK6 and CDKN2A protein sequences as initial query
sequences against non-redundant protein database in NCBI. These
collected homologue sequences are from 159 eukaryotic organisms
(ranging from Caenorhabditis elegans to human), and therefore can
eliminate the phylogenetic bias in the collection process.
Then, we performed SCA of the concatenated sequences to iden-
tify a small subset of coevolved residues (Supplementary informa-
tion Fig. S1). Both the intra-protein and inter-protein coevolution
could be observed. Compared with coevolved residue pairs inside
the proteins, the relation between proteins was much less signiﬁ-
cant (the average positional correlation value of inter-protein res-
idues is 0. Twenty while the value is 0.36 for intra-protein
residues; P = 1.53  107, two-sample t-test). To estimate the rela-
tionships between proteins, we reconstructed coevolution network
of inter-protein residues (Fig. 1). The network consists of 37 resi-
dues (9 in CDKN2A and 28 in CDK6 separately) and 37 interactions.
The residues involved could be clustered into three classes with re-
spect to their major physicochemical characteristics: (1) hydro-
phobic or neutral residues (CDKN2A-G23, CDK6-I289, e.g.), (2)
polar residues (CDKN2A-N71, CDK6-T84, e.g.), and (3) charged res-Fig. 2. Structural features of coevolved inter-protein residues. The coevolved inter-
protein residues are labeled in the protein structure (PDB ID: 1BI7). Only the ones
near the protein interface are represented here.idues (CDKN2A–D108, CDK6-D270 e.g.). It was also observed that a
few nodes act as ‘‘hub’’ residues in the network. For example, H83
in CDKN2A is shown to interact with 16 residues in CDK6.
3.2. Structural features of coevolved inter-protein residues
We reasoned that the coevolved amino acid pairs between
CDKN2A and CDK6 might show three-dimensional structural
patterns to complete the functional compensation. As a result,
we reported here the structural characterization of the coevolved
inter-protein residues.
We mapped the coevolved inter-protein residues on the com-
plex structure (PDB ID: 1BI7) and observed that a high fraction of
coevolved inter-protein residues prefers spatial proximity, speciﬁ-
cally 65% (24/37) are within 10 Å distance from each other while
82% (32/37) residues within 20 Å from each other. We also com-
pare the distributions of the distances between inter-protein coe-
volving residue pairs and all possible inter-protein residue pairs
to check whether the difference is signiﬁcant. It shows that the
average distance between the coevolving residue pairs is 17.30
while the average distance between all possible inter-protein res-
idue pairs is 33.84 (two-sample Student’s t-test; P < 1010). These
coevolved residues are enriched in the intermolecular interface
(Fig. 2) and could be divided into two groups: (1) hydrophobic–
hydrophobic and (2) polar–polar. Besides, we also observed some
distant pairs (over 40 Å distance in the structure), for example,
M126 in CDK6 and Q50 in CDKN2A. These residues in CDK6 form
part of the ligand-binding pocket and as a result, we infer that
these coevolved residues are of importance for catalytic process.
3.3. Dynamic behaviors of coevolved residues in mutant systems
The following results are based on molecular simulations, sum-
marized in Table 1 (see Section 2), of CDKN2A–CDK6 protein com-
plex, as mutant systems. The individual simulations were referred
to by the designations listed in the ‘‘Name’’ column of Table 1. We
investigated the role of mutations in affecting the relationships of
the coevolved residue pairs. In comparison, we also performed a
MD simulation of wild-type protein complex.
The RMSD (root mean square deviation) value curves of protein
complex in the mutant and wild-type systems during the simula-
tions (Supplementary information Fig. S2) indicate that the muta-
tions could slightly affect the conformation of CDKN2A–CDK6
complex. Besides, the contact map patterns of wild-type complex
and mutants show slight changes in the distance of intra- and in-
ter-protein resides (Supplementary information Fig. S3). We mea-
sured the average distance between the coevolved residues. In
sim_G23D, the average distance between CDKN2A-D23 and
CDK6-R168 is 8.9 Å, which is signiﬁcantly larger than the average
distance between CDKN2A-G23 and CDK6-R168 (5.3 Å) in sim_WT
(Fig. 3A; P < 1.0  1010, two-sample t-test). In sim_Q50R, the sta-
ble local structure, which is composed of CDKN2A-Q50, CDK6-F28
and CDK6-Y108 in sim_WT, changes signiﬁcantly due to the Q50R
mutation. It is observed that the average perimeter of the triangle
deﬁned by the three residues has changed abruptly from wild-type
to mutant system (Fig. 3B; P = 6.77  106, two-sample t-test). In
both sim_WT and sim_H83Y systems, the residues in CDK6
(including V76, H100, Q103, T106, L109, and M125) coevolved
with residue 83 in CDKN2A (histidine in wild-type while tyrosine
in mutant), form a stable local structure (Fig. 3C). It shows that
most of the residues are located on the protein surface. However,
when the residue 83 in CDKN2A was mutated from histidine to
tyrosine, a loop, mainly composed of hydrophobic residues (from
A103 to L113) blocked the access of residue 83 to the local struc-
ture in CDK6. In sim_N71K (Supplementary information Fig. S4)
and sim_D108H (Fig. 3D), the spatial distances between coevolved
Table 1
Summary of simulations.
Name Structure Atoms Water Type Ensemble Time (ns)
Sim_WT Wild-type complex 59985 17764 EQ NpT 10
sim_G23D G23D mutant 59988 17763 EQ NpT 10
sim_Q50R Q50R mutant 59991 17764 EQ NpT 10
sim_N71 K N71K mutant 59989 17763 EQ NpT 10
sim_H83Y H83Y mutant 59989 17764 EQ NpT 10
sim_D108H D108H mutant 59992 17765 EQ NpT 10
Note: The ‘‘Structure’’ column lists the type of mutant structures. The ‘‘Atom’’ and ‘‘Water’’ columns show total number of atoms, and number of water molecules,
respectively. The ‘‘Ensemble’’ column lists the variables held constant during simulations; N, p, T correspond to number of atoms, pressure and temperature, respectively.
Fig. 3. Structural comparisons between mutants and wild-type systems in molecular dynamic simulations. The green ribbons are the structures in sim_WT and the orange
ones are structures in mutant systems. The panels represent sim_G23D (A), sim_Q50R (B), sim_H83Y (C) and sim_D108H (D) respectively.
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values <0.01, two-sample t-test). However, the local regions where
these two mutations are located show variable secondary structure
shifts, mainly reﬂecting in the collapse of a-helix into random coil.
4. Discussions
Recent evidence indicates that coevolution between residues is
important in shaping the protein function [22]. Proteins function
through interacting with other cell components, such as ligands(especially for enzymes) and proteins. Referring to protein–protein
interactions, in most cases, residue mutations do not lead to phe-
notypic change based on the functional constraint in inter-protein
residue interactions. Detecting inter-protein coevolving residues
adds an important new ﬁnding to the protein interactions. In this
study, we identiﬁed a group of coevolving residues between
CDKN2A and CDK6 based on sequence coupling analysis and ex-
plored the effects of single mutations using molecular dynamics
simulations. The retrieved results could be applied to many other
instances, which were discussed in detail as follows.
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coevolved residues
Previous studies indicated that many intra-protein coevolved
residues are located at or near functionally important sites
[23,24]. We explored the intra-protein coevolved residues in
CDK6 and found that over 65% of the coevolved residues are within
10 Å of residue 43 and 145, which is ATP-binding site and active
site separately. Most of the inter-protein coevolved pairs are lo-
cated near the protein complex interface, which is required for efﬁ-
cient partner binding. The spatial proximity points to the
compensatory substitutions as a probable coevolution within these
spatially proximal functional sites. Since the functional sites of a
protein are difﬁcult to determine experimentally, we could utilize
the features of coevolved residues to narrow down the scope of
candidate sites.
However, the amino acid composition of the intra- and inter-
protein residue network is different. For example, the intra-protein
residues can be divided into three groups (i) hydrophobic–hydro-
phobic, (ii) polar–polar and (iii) positive–negative charged. The
third group is critical for substrate binding and catalysis, for exam-
ple, K43-E51, D145-R144, and D145-K147. While the inter-protein
pairs could only be categorized into the former two groups, espe-
cially the ﬁrst group, agreeing with previous studies that hydro-
phobic environment provided alternative contact points at its
interface to increase binding afﬁnity while the plasticity required
for binding to multiple partners was retained [25].
4.2. Oncogenic mutations and coevolved residues
Protein–protein interactions (PPIs) are the most fundamental
biological processes at the molecular level [26]. In this case, the
interaction between CDKN2A and CDK6 has a central role in cell
proliferation and in tumorigenesis [11]. The coevolved residues
near the protein complex interface played important roles in main-
taining the protein interaction. Despite millions of years of poten-
tial evolutionary mutation, the functional compensation by
coupled mutations of inter-protein residues remains. If the func-
tional compensation does not occur, the PPI will probably be de-
creased or inhibited (Fig. 4), with high probability of melanoma.
4.3. Design of small peptide inhibitors of CDK6
The results demonstrate that most of the coevolved residues are
enriched in the protein complex interface and formed stable localFig. 4. The model of oncogenic mutations of coevolved inter-protein residues.
When the correlated mutations between CDKN2A and CDK6 do not occur, the
inhibitor function of CDKN2A will be lost or decreased.structures. We reason that these local structures might be suitable
for drug design. As a result, we discussed the possibility of drug de-
sign of structural units like small peptides that could be used to
mimic protein-interaction effect.
We selected the residues in CDK6 coevolved with H83 in
CDKN2A on the protein complex as an example. We performed
screening tetrapeptide library against CDK6 (Section 2) and identi-
ﬁed two peptides (RCTM and DKKV; Supplementary information
Fig. S5) that could selectively target CDK6. The two tetrapeptides
are different in sequence, but are similar in structure
(rmsd = 0.045). Compared with other non-peptide drugs, they offer
some advantages. First, these tetrapeptides are of high speciﬁcity
in binding with CDK6 (p = 1/204). Second, the peptides will be
hydrolyzed by peptidases into amino acids, leading to no adverse
side effects in cells [27]. Several peptides have been developed in
cancer treatment and served dramatic effect [28]. We reason that
the drug design based on the local structure formed by coevolved
residues will offer us the opportunity to ﬁght against cancer.
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